the future will be determined by supply constraints, which are short-term constraints such as underdeveloped mining and local scarce capacity of iron and steel production, or long-term constraints such as natural resource degradation and global warming.
Introduction
In a majority opinion, the iron and steel industry is viewed as a mature industry. However, it is time to shift the paradigm of the industry to being viewed as a growing industry in the perspectives of technology as well as quantity. From the viewpoint of mass effect,* 1 it is time to accelerate the development of steel technology with a greater unified effort by the industry-academic-government.
The supply and demand of iron source on a global scale have expanded during recent years. The crude steel production of the world, which increases 1.73 times over the last nine years, is 1.34 billion tons in 2007. Iron and steel are major players of structural materials for social infrastructure and foundations for strengthening industrial competitiveness. At the same time, they confront global challenges due to their mass effect such as a recent rapid growth in steel consumption, a large impact on climate change.
As research and development of iron and steel have been made for years, it is not easy to realize a process innovation to reduce energy consumption and carbon-dioxide emissions drastically or a product innovation to increase in strength largely. However, there is still significant potential of technological innovation to solve those global challenges.* 2 It needs a large amount of money for developing new technologies of iron and steel to realize these difficult innovations. Therefore, it is necessary for deciding the amount of R&D's investment to share a common world outlook for iron source demand among the government, industry and academia.
As already reported, 1) we showed the importance of mass effect by proposing the "equation of mass effect" (tentative name) and pointed out remaining issues concerning world outlook for iron source as follows. Priority issues are to upgrade a demand model rather than considering supply constraint and therefore to consider a one-region world model by focusing on the utility of steel which comes from stocks rather than flows.
In this article, existing models of steel stock will be typified and then the total world stock of steel will be computed in the simplest method for estimation. We will also consider whether it is possible to specify and quantify the economic growth as a major factor of the steel stock computed. From the results of these considerations, we will discuss whether a one-region world model (total world figures) can explain the recent decoupling between the world growth of iron and steel production and the economic growth. To forecast iron source demand, the Intensity of Use hypothesis, which assumes that material consumption per capita is a function of GDP per capita, is the most dominant theory in existing studies. However, this hypothesis is not effective for a world one-region model of iron sources. Therefore, we focus our attention on utility, and we suppose that economic growth is a major driver to increase the utility. As the utility of steel sustains for ages after purchase, we formulate the Utility of Stock hypothesis, which assumes that the in-use steel stock is a function of GDP. In this study, the world steel stock was computed and the Utility of Stock hypothesis was tested. Clear correlation is found between the steel stock and the GDP. It leads to the estimation that the world demand for iron ore depends not on the volume of GDP but on the variation of GDP. For the first time with total world figures, the result enables us to rationalize the recent decoupling between the world growth of iron source demand and the economic growth.
Issues Concerning
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material consumption per GDP) is a function of GDP per capita, is the most common theory in modeling future demand for material of the country or region under consideration. Some studies have empirically shown that the IU curve (material consumption per capita or material consumption per GDP) for a number of materials has an inverse-U or bell shape when plotted as function of per capita income of a country (Fig. 1) . [1] [2] [3] [4] [5] [6] Some researchers, for example Vurren et al. 5) and Neelis et al., 2) explain an inverse-U shape of the IU curve by using three arguments.
1) "The first argument is that the production composition of income (economic structure) of a country varies in different stage of a country's development. In early stages of development, economies largely rely on agriculture with low material requirements. When a country develops, the demand for basic infrastructure (building, transportation equipments etc.) increases and the share of material-intensive sectors in the economy grows. As development further continues, consumer preferences shift to less material-intensive products, causing the intensity of use to go down, resulting in the observed inverse-U shape of the IU as function of per capita income, especially for products that are mainly used in the production of infrastructure such as metals and cement. The second argument used in the explanation of the inverse-U shape is more related to the material composition of product and explains the observed inverse-U shape by suggesting that the material demand experience phases in which old, lower quantity materials linked to mature industries undergo replacement by higher quantity or technologically more advanced materials. For individual materials, this lead to phases of expanding use (the new material substitutes existing materials), stabling use (demand for the main end-use of the material saturates) and declining use (the material is increasingly being substituted by other materials). A third additional argument, often used to explain the declining intensity of use in developed countries is the continuously increased efficiency of material use, leading to a more efficient use of certain materials over time." However, some of those studies, for example Vurren et al., 5) point out at the same time that the Intensity of Use hypothesis is not effective for the total world figures (a one-region world model). Furthermore, the Intensity of Use hypothesis is effective for some countries, but is not so much effective for other countries. For example, the IU curve for steel of the USA has a good inverse-U shape but that of Japan does not have a good inverse-U shape, and it led to the result that the assumed values for crude steel demand of Japan in 1977 and 1990 by the government of Japan deviated from the actual values.
1)

Relationship between Demand for Iron Source
and Economic Growth Although the total world production of iron and steel, which is virtually equal to the total world consumption, demonstrates an upward trend, decoupling relation is observed between the trends of worldwide iron and steel production and the economic trends (GDP ppp* Figure 4 shows the IU curve (material consumption per capita) for pig iron and crude steel when plotted as function of per capita income of the world. This IU curve does not have a typical inverse-U or bell shape, as the phase of reexpanding use has been observed recently after that of stabling use. The Intensity of Use hypothesis is not effective for the total world figures of iron and steel to predict the IU curve will go up or go down when development (income per capita) further continues in the future.
Existing Studies on World Outlook for Iron
Source and Other Sources Table 1 is a comparison of existing models to forecast crude steel consumption. [2] [3] [4] [5] [6] [7] All models use the Intensity of Use hypothesis, which assumes that material consumption per GDP or capita is a function of GDP per capita. They project worldwide crude steel consumptions in 2030 from 1.32 to 3.00 billion tons. Except one group of researchers, Vuuren et al., the data ranges 1.32 to 1.98 billion tones.
Existing studies on world outlook for iron source, especially by international organizations and governments, are fewer than those on energy outlook. Furthermore, these existing studies may not be enough in points such as testing the validity with real data and continuous improvement of models. 1) With regard to energy outlook, as already reported, 1) several international organizations and governments share the view that the growth rate of global energy demand will be around 2 % (1.9 -2.3 %) until 2020. The International Energy Agency has reviewed its previous forecasts and errors between the assumed values and the actual values have been within 2.2 % since 1993. The International Energy Agency has concluded that the precision of forecasts is due to the relation between the world economic growth (GDP ppp) and the energy use (primary energy demand), which is clear and predictable. 8) With regard to paper, the world paper consumption per capita is a clear function of the world GDP per capita, according to a report financed by the European Commission. 
Modeling Approaches
Concept of Model-Utility of Stock Hypothesis-
As noted above, it is not effective to apply the Intensity of Use hypothesis to the total world figures of iron source. When this hypothesis is applied to the country-by-country demand of iron source, it can be explained that the resumption of worldwide crude steel production since 2000 as shown in Fig. 2 is due to the demand expansion of iron source in initial economic growth stage of developing countries such as China. In this study, however, we formulated a new rational hypothesis, because there are countries where the Intensity of Use hypothesis is not applied well, function shapes of the hypothesis vary from country to country, 1) and a one-region world model of energy or paper can explain the relationship between the demand and the economic growth according to other studies. 8, 9) In order to formulate a rational hypothesis, we supposed that economic growth is a driver to increase utility, which means that utility is a function of GDP. Furthermore, we focused our attention on the fact that the utility of steel, which is one of bulk materials and constructional materials, sustains for years after its purchase, although the utility of energy or paper is exhausted shortly after its purchase. Quantity possessed by users rather than purchase quantity should be regarded as utility as far as steel is concerned, while purchase quantity can be regarded as utility of energy or paper. Therefore, we formulated a hypothesis which assumes that stock of constructional materials in use is a function of GDP and called the Utility of Stock hypothesis. In this study, we computed the world steel stock and analyzed the relationship between the steel stock and the GDP in order to test the Utility of Stock hypothesis. Figure 5 shows the material flow to compute the world steel stock. In this figure, P n represents a process to transform iron or steel such as steelmaking process, rolling process. The steel cycle in use covers the processes from steelmaking (P 2 ) and foundry (P F ) to obsolete scrap handling (P 5 ).
Material Flow to Compute Steel Stock
F n represents a material flow, whose unit is Fe equivalent ton. We suppose that stocks in processes of manufacturing and distribution are negligible, or consumption is approximated by production. l for over a year (the observation period). For the purpose of obtaining the in-use steel stock, it does not make any difference that parts of stocks of obsolete products which will go out from the steel cycle in use over time are counted among F 5 l in advance. The other parts, which will be recycled within the steel cycle in use as scrap over time, can not be obtained from the available data, and we suppose these parts can be negligible.
F F r , which is scrap for recycling generated from foundry process (P F ), is supposed to be recycled only within foundry process. Therefore, the following equation is obtained. Consequently, the steel stock is composed of F 4 , which is iron content of end products such as automobiles and buildings, and F l , which is iron content spilled out from the steel cycle in use. The steel stock in year t is defined as S(t), and the in-use steel stock in year t is defined as S u (t). Due to the availability of data, stocks were computed as the time-series cumulative amount since 1870 as follows. Concerning F n l , for example, F 2 l is iron content of slag, dust and scale, which is not recycled within the steelmaking plant. Some F 2 l are recycled as pig iron in a sintering process, and some are in cascade use such as subgrade material, and others are landfilled as solid waste. Pig iron from F 2 l should not be included in S(t), but we suppose that this amount can be negligible.
As mentioned in Sec. 3.5, the data used in this study were obtained from statistics published in annual reports, and therefore the observation period is one year. Table 2 typified existing studies on steel stocks by employing the material flow shown in Fig. 5 .
Existing Studies on Steel Stocks
2,10-15) Steel stocks are in many cases estimated for a country, supposably due to constraints of data availability. According to our literature search, only two articles by Y. Shimomura et al., 13) and M. Neelis et al.
2) * 6 compute world steel stocks. Methods to estimate steel stock are divided into two large groups: the bottom-up approach and the top-down ap- 14) *proach. The bottom-up approach is to quantify inventories of iron-containing products in use such as automobiles and buildings and their iron concentrations to calculate steel stocks. This approach has advantage to compute precise steel stocks, but disadvantage to require significant cost and work. In Japan, for example, this approach has been taken only once in 1985 by the Science and Technology Agency to compute the Japanese steel stock in March 1983.
The top-down approach is based on the data of iron and steel production. This approach has advantage to fit analysis of time-series. Disadvantages are lack of scrap data, which are needed to estimate for developing countries and past years of developed countries, and issue of indirect export and import of iron-containing products when steel stocks of a country are estimated. In order to estimate "inuse" steel stocks, in addition, it is necessary to presuppose the usage period (lifetime) of end products containing iron and estimate the amount of obsolete products (F 5 ), which includes products produced before the reference year.
Method to Compute Steel Stock
With reference to the existing studies mentioned above, the steel stock S(t) was calculated in the simplest method for estimation in this study. The top-down approach was taken to analyze time-series. As the world total was computed, it was not necessary to take into account the export and import of steel products, those of iron-containing products (indirect trade) and of scrap.
In this study, the steel stock S(t) was obtained by time-series cumulative accounting of the iron input into the steel cycle in use, in other words, the iron content of iron ore consumed, from 1870 till year t. The equation is as follows. While the iron content of iron ore input directly into steel converter (basic oxygen furnace) or open-hearth furnace is not included, the iron content of converter slag that is recycled as pig iron in a sintering process is doubly counted in S(t). We suppose that these amounts are negligible small.
The steel stock S(t) can be an approximate quantity of inuse steel stock S u (t), provided that F n l , which is a flow going out from the steel cycle in use, is negligible small. Steel is easily recycled because it is readily distinguishable on the basis of magnetic property. Concerning Japan, for example, there is a proposition that virtually no solid waste from steel cycle in use is observed and the recycling rate of steel is more than 97 %. 16 ) Therefore, we think that the presumption of negligible F n l is worth considering.* $)/the data of Maddison (1990 international $)" in 1975. Figure 6 shows the data of the iron input into the world steel cycle in use and GDP ppp, which were obtained by the above-mentioned method. Figure 7 shows the result to compute the steel stock by Eq. (8) . Figure 8 shows the relationship and the result of regression analysis, when the steel stock is a function of the GDP. There is a clear correlation: the correlation coefficient Rϭ0.966. When "X(t)" (constant billion $) symbolizes the GDP in year t, Eq. (9) is obtained for the steel stock "S(t)" (million metric tons). With reference to the correlation between the steel stock and the GDP, statistical significance is demonstrated by Ftest, t-test and p-value of GDP. 19) However, serial correlation can be judged, as the Durbin-Watson statistic is nearly 0. This indicates a lack of explaining variable or possibilities that erroneous values of standard error or t-test can be obtained. In addition, we consider the possibility that the sensitivity of analysis may become low as the explained variable is cumulative amount.* 8 Therefore, we examined the residual information in regard to serial correlation. Figure 9 shows the residual plots-it has X(t) (World GDP ppp) on the x-axis and the residuals (S(t)Ϫ(0.564X(t)Ϫ87.0)) on the y-axis. The residuals are positive when X(t) are relatively small, and the residuals are negative when X(t) are relatively big. The reason that the Durbin-Watson statistic is nearly 0 is due to the fact that the relationship between World GDP ppp and Steel stock is not a straight line to be exact but a curve of gradual arc. Next, we examined the sensitivity of analysis by using the following equations: after approximating the integration value by the cumulative value, the difference value was obtained as the approximation value of derivative value. Figure 10 shows the relationship and the result of regression analysis, when the explained variable is the "F 1 (t)/(X(t)ϪX(tϪ1))" and the explaining variable is the GDP. The Durbin-Watson statistic is nearly 2 and it indicates no serial correlation. Furthermore, there is virtually no correlation: the correlation coefficient Rϭ0.044. That means that there is little or no correlation between F 1 and GDP. The scatter plot of Fig. 10 demonstrates that "F 1 (t)/(X(t)ϪX(tϪ1))" is maintained virtually constant and Eq. (11) is confirmed. Therefore it is statistically siginificant to suppose that the relationship between world GDP ppp and steel stock can be approximated as linear by Eq. (9).
Results of Computation and Discussion
Results of Computation
S t X t ( ) . ( ) . ϭ ϫ Ϫ 0 564 87 0 © 2008 ISIJ
Verification of the Stock of Utility Hypothesis and
Recycling Efficiency of Steel As identified above, the Stock of Utility hypothesis is statistically-significant. Although significant correlation is not sufficient condition but only necessary condition to establish a causal relationship, the Stock of Utility hypothesis has some credible rational as mentioned in Sec. 3.1. Therefore, "in-use steel stock" can be represented as a function of "GDP." Equation (12) F 1 (t) depends not on the absolute GDP but on the variation of GDP. Therefore, in the case of zero growth of world economy, in other words, when X(t)ϪX(tϪ1)ϭ0, then F 1 (t)ϭ0. That means pig iron production from blast furnace will be zero and crude steel will be produced only from scrap if the world GDP remains at the same level. In addition, the presumption of negligible F n l , which is a flow that goes out from the steel cycle in use, is estimated to be meaningful: the recycling rate of steel is estimated to be high.* 9   Table 3 shows the relationship between energy, paper, iron source and GDP.
Future Issues to Be Studied-Toward Outlook for
Iron Source DemandThe decoupling between the iron and steel demand and the economic growth has been observed, in other words, the world production of pig iron or crude steel had expanded until 1973, then crawled during almost 30 years, and has recently increased again, while the world GDP has increased continuously. With reference to this observation, there has been no explanation from macro dynamics or with total world figures, although there have been micro explanations about individual situations in China etc. For the first time with total world figures, the Utility of Stock hypothesis enables us to rationalize the recent decoupling between the iron ore demand and the economic growth. Equation (12) will enable a forecast of iron ore demand, having an existing prospect of GDP (for example by IPCC) provided as an exogenous variable. As mentioned in Sec. 4.2.2, however, the Utility of Stock hypothesis leads to the conclusion that the world production of pig iron from blast furnace will be zero if the world economy attains zero growth. Although it is unrealistic to forecast zero growth of the world economy, it is more unrealistic to forecast that the world production of pig iron from blast furnace will be zero * 9 There is another possibility that the recycling rate of steel is not high but has improved or technical innovations such as introducing high-strength steel have progressed. Alternatively, it may be due to the effect that F 1 (t) has become relatively-large during the usage period (lifetime) of iron-containing end products.
in that case, because recycling rate of steel is not 100 %. On the one hand, therefore, care should be taken when the Utility of Stock hypothesis will be applied to a case of low economic growth. On the other hand, as shown in Figs. 8 and  9 , the income elasticity of steel stock, which is calculated as the ratio of the percent change in quantity of steel stock to the percent change in GDP, has recently declined slightly. In cases where the world economic growth will continue as ever or expand, the possibilities should be taken into account that the income elasticity will decline as ever or more drastically.* 10 Furthermore, future study should consider more precise calculations of in-use steel stock, although available statistics and data concerning flows of iron-containing goods such as scrap are incomplete and have variable uncertainties.
In the near future, we would like to study an analysis of scrap demand and in-use steel stock with total world figures, because steel is produced either primary iron (made from iron ore) or secondary iron (scrap). After that study, we would like to test the validity by comparing the assumed values based on these analysis to the actual values.
Conclusion
In this study, we focused on the utility, which is a measure of the user's relative satisfaction from possessing goods, and supposed that the economic growth is a driver to increase the utility. The Utility of Stock hypothesis, which assumes that the in-use stock is a function of GDP, was studied.
The Utility of Stock hypothesis achieved specifying the economic growth as a possible factor that affects the amount of steel stock. For the first time with total world figures, the result enables us to rationalize the recent decoupling between the world growth of iron source demand and the economic growth.
